Carbapenemase-producing Enterobacteriaceae are an emerging threat to hospitals worldwide, and antibiotic exposure is a risk factor for developing fecal carriage that may lead to nosocomial infection. Here, we review how antibiotics reduce colonization resistance against Enterobacteriaceae to pinpoint possible control points for curbing their spread. Recent work identifies host-derived respiratory electron acceptors as a critical resource driving a post-antibiotic expansion of Enterobacteriaceae within the large bowel. By providing a conceptual framework for colonization resistance against Enterobacteriaceae, these mechanistic insights point to the metabolism of epithelial cells as a possible target for intervention strategies. This is the fifth article in the Host-Microbiome Metabolic Interplay Minireview series. M. X. B. and A. J. B. filed invention report number 0577501-16-0038 at iEdison.gov for a treatment to prevent post-antibiotic expansion of Enterobacteriaceae.
The lumen of the large intestine is host to a large microbial community, the gut microbiota, which is dominated by obligate anaerobic bacteria belonging to the classes Clostridia (phylum Firmicutes) and Bacteroidia (phylum Bacteroidetes). The concept that the gut microbiota confer "colonization resistance" against members of the family Enterobacteriaceae (phylum Proteobacteria) dates back to the 1950s and 60s, when streptomycin treatment of mice was shown to greatly increase susceptibility to oral infection with pathogenic Salmonella enterica (1) (2) (3) or commensal Escherichia coli (4, 5) . Antimicrobial-resistant Enterobacteriaceae can expand in the human gut during antibiotic therapy, as shown by challenge of trimoxazoletreated healthy volunteers with a trimoxazole-resistant strain of Klebsiella pneumoniae (6) . The relative abundance of endogenous E. coli within the murine gut microbiota increases 1 day after cessation of treatment with cefoperazone, metronidazole, clindamycin, ampicillin, or vancomycin (7) . Epidemiological evidence suggests that antibiotics cause a prolonged disruption of the colonic microbiota, thereby decreasing colonization resistance for some time after cessation of treatment. For example, a history of antibiotic usage is a risk factor for developing gastroenteritis with antimicrobial-sensitive S. enterica isolates (8) .
Over the last decade, carbapenemase-producing Enterobacteriaceae (CPE), 2 such as K. pneumoniae and E. coli, have emerged as a major infectious disease threat to hospitals world-wide, with mortality from invasive nosocomial CPE infections reaching up to 40% (9, 10). One of the risk factors for developing fecal carriage and nosocomial CPE infection is a previous exposure to broad-spectrum antibiotics (11) (12) (13) (14) (15) , suggesting that an antibiotic-mediated disruption of colonization resistance facilitates the spread of CPE within the hospital. Thus, the development of approaches for maintaining colonization resistance during or following antibiotic therapy might hold the key for limiting communicability of nosocomial CPE infections. Here, we attempt to synthesize recent insights into the mechanisms underlying colonization resistance against Enterobacteriaceae into a coherent conceptual framework to facilitate the development of strategies for curbing their spread by limiting unwanted side effects of antibiotic therapy.
Proposed mechanisms for colonization resistance
Understanding colonization resistance against Enterobacteriaceae is not a trivial task, because the gut microbiota are highly complex and vary greatly between individuals (16) . Furthermore, at least three principal mechanisms for disruption of colonization resistance against Enterobacteriaceae have been proposed: gut inflammation, depletion of microbiota-derived inhibitory products, and increased nutrient availability (17) (18) (19) (20) . In the following we will discuss the relevance of each of these mechanisms for understanding an antibiotic-mediated disruption of colonization resistance against Enterobacteriaceae.
Gut inflammation
Severe intestinal inflammation is a driver of dysbiosis characterized by an expansion of Enterobacteriaceae within the gutassociated microbial community (21, 22) . Mechanisms driving this expansion include resistance of Enterobacteriaceae against antimicrobial host defenses induced during inflammation (23, 24) and the generation of respiratory electron acceptors generated as a by-product of the host inflammatory response, which favors growth of facultative anaerobic bacteria (25, 26) . Antibiotic treatment does not cause severe gut inflammation, although mild inflammatory changes may be observed on occasion (27, 28) . To understand how a history of antibiotic exposure lowers colonization resistance against Enterobacteriaceae, severe gut inflammation can be eliminated from the list of possible mechanisms. However, it remains possible that some of the mechanisms driving an expansion of Enterobacteriaceae during severe inflammation are also operational during an antibiotic-induced mild increase in the inflammatory tone of the gut mucosa.
Depletion of microbiota-derived inhibitory products
The gut microbiota break down complex carbohydrates in the large bowel to fermentation products, the most abundant of which are the short-chain fatty acids butyrate, propionate, and acetate. An antibiotic-mediated depletion of the gut microbiota reduces short-chain fatty acid concentrations in the large intestine of mice (3, 29) and in human feces (30) . Because shortchain fatty acids can impede growth of E. coli or S. enterica in the test tube, the presence of these metabolites is proposed to confer colonization resistance against Enterobacteriaceae by "metabolic exclusion" (20) . However, this concept does not take into account that microbiota-derived short-chain fatty acids have a profound effect on host cell physiology, which might elevate colonization resistance indirectly through alternative mechanisms (31) . Furthermore, Freter and co-workers (32) pointed out in the 1980s that metabolic exclusion cannot explain how Enterobacteriaceae are maintained at a low abundance in healthy individuals. For an inhibitor to maintain Enterobacteriaceae at a constant low level, it would have to be present continuously at precisely the concentration needed to check population growth. Any increase in the inhibitor concentration would lead to an elimination of Enterobacteriaceae from the microbial community, and any decrease would result in their expansion until another resource becomes limiting. Thus, metabolic exclusion by a microbiota-derived inhibitor does not provide a robust theoretical framework for colonization resistance.
Increased nutrient availability
Most microbes present within our gut-associated microbial community have resided in this environment for decades (33) . Mathematical models explaining such a stable co-existence of multiple bacterial species suggest that each member within the microbial community must be able to grow faster on a few limiting resources than all other members and that the availability of these resources controls its abundance within the community (34) . This concept is known as the "nutrient-niche hypothesis" and suggests that a low abundance of Enterobacteriaceae within the gut microbiota is maintained through a limited availability of critical resources. A disruption of the gut microbiota by antibiotic treatment somehow increases the availability of these limiting resources, thereby triggering an expansion of Enterobacteriaceae. Thus, the nutrient-niche hypothesis raises the following two questions essential for understanding colonization resistance. What are the resources that limit an expansion of Enterobacteriaceae? How does antibiotic treatment elevate their availability? In the following we will attempt to address these two key gaps in knowledge.
What resources control Enterobacteriaceae abundance?
The ability to utilize complex dietary and host polysaccharides depends on the carbohydrate-digestive capacity of the gut microbiota. The members within the gut microbiota that possess the largest carbohydrate substrate range belong to the class Bacteroidia, as suggested by the presence of genes encoding a diverse array of glycoside hydrolases and polysaccharide lyases (35) . Bacteroidia prioritize the consumption of sugars liberated from dietary carbohydrates by their glycoside hydrolases and polysaccharide lyases but turn to utilization of host mucus glycans when dietary polysaccharides are absent (36) . Streptomycin treatment of mice increases the abundance of microbiotaliberated monosaccharides, such as sialic acid and fucose, and inactivation of genes required for the utilization of these sugars reduces a post-antibiotic expansion of S. enterica in the gut lumen (37) . These data suggest that by depleting sugar-consuming bacteria the antibiotic treatment increases the availability of microbiota-liberated monosaccharides, which in turn supports growth of S. enterica. In addition, antibiotic treatment can lead to an increased abundance of sugar-oxidation products, such as glucarate or galactarate, and utilization of these carbon sources drives a post-antibiotic expansion of E. coli and S. enterica (38) .
To explain why an increased availability of monosaccharides specifically favors Enterobacteriaceae, the nutrient-niche hypothesis would predict that Enterobacteriaceae must be able to grow faster on this resource than any other member of the gut microbiota (34) . The energy yield S. enterica or E. coli obtained by catabolizing hexoses through the Embden-Meyerhof-Parnas pathway followed by mixed acid fermentation is not superior to that generated by obligate anaerobic bacteria competing for available monosaccharides (39) . Thus, it is not obvious why sugars would favor growth of Enterobacteriaceae over that of Clostridia or Bacteroidia.
One critical resource that Enterobacteriaceae can use better than obligate anaerobic Clostridia or Bacteroidia is oxygen (O 2 ), which can only be respired by facultative anaerobic bacteria. An elevated availability of oxygen can increase the abundance of facultative anaerobic Enterobacteriaceae within the gut-associated microbial community, as suggested by an expansion of this family near the ileostomy of small bowel transplant patients (40) . Enterobacteriaceae also expand within the gutassociated microbial community when electron acceptors for anaerobic respiration become available. This represents one of the mechanisms increasing the abundance of Enterobacteriaceae during severe gut inflammation (22) . An elevated mucosal synthesis of inducible nitric-oxide synthase (iNOS) triggered during genetically or chemically induced colitis in mice leads to the production of nitric oxide (NO), which reacts to form nitrate (NO 3 Ϫ ) in the gut lumen, thereby driving an uncontrolled expansion of commensal E. coli by nitrate respiration (26) .
The ability to utilize exogenous respiratory electron acceptors enables Enterobacteriaceae to gain an edge over Clostridia or Bacteroidia, because respiration generates more energy from catabolism of carbon sources than fermentation. Furthermore, respiration enables Enterobacteriaceae to consume non-fermentable substrates in the inflamed gut, thereby allowing these facultative anaerobic bacteria to sidestep the competition with fermenting Clostridia and Bacteroidia (41) . Thus, consistent with the nutrient-niche hypothesis, Enterobacteriaceae can grow faster on carbon sources using respiration than the fermenting Clostridia and Bacteroidia. Furthermore, a limited availability of exogenous electron acceptors in the large intestine helps explain how these facultative anaerobic bacteria are maintained at a low abundance within the gut-associated microbial community. However, these considerations beg the question whether and by which mechanism antibiotic treatment might increase the abundance of respiratory electron acceptors in the absence of overt gut inflammation.
How antibiotic treatment creates resources for Enterobacteriaceae
The colon functions in water absorption by absorbing sodium (Na ϩ ) to generate an osmotic gradient. Active Na ϩ transport mediated by the Na ϩ K ϩ -ATPase in the basolateral membrane of enterocytes in the colon (colonocytes) requires ATP, which is generated by oxidizing microbiota-derived butyrate to carbon dioxide (CO 2 ) in their mitochondria ( Fig. 1 ) (42, 43) . Burning microbiota-derived butyrate to generate energy consumes oxygen, thereby rendering surface colonocytes hypoxic (Ͻ1% oxygen) (44) .
Streptomycin treatment depletes butyrate-producing bacteria, as indicated by a marked drop in butyrate concentrations in the cecum and colon of mice (3, 29, 45, 46) . Butyrate production by the gut microbiota proceeds through the lysine pathway, the glutarate pathway, the 4-aminobutyrate pathway, or the acetyl-CoA pathway (47) . The majority of bacteria encoding these pathways are members of the class Clostridia, but genes for butyrate production can also be present in members of the Bacteroidia families Rikenellaceae and Porphyromonadaceae (47, 48) . Attempts to restore colonization resistance after streptomycin treatment suggest that transfer of spore-forming Clostridia is most effective in preventing a post-antibiotic expansion of commensal E. coli in the large bowel of mice (49) .
The antibiotic-induced depletion of microbiota-derived butyrate forces colonocytes to obtain energy through the fermentation of glucose to lactate (Fig. 1) (50) . This energy metabolism does not consume oxygen, thus rendering the colonic surface normoxic (51) , which is between 3 and 10% oxygen (52) . Elevated oxygenation of surface colonocytes is predicted to increase diffusion of oxygen across the brush border into the gut lumen (53) , which might explain why streptomycin treatment increases the redox potential in the murine cecum to that of an aerobic broth culture (3) . Oral treatment with streptomycin reduces butyrate concentrations in the large intestine leading to an increase in oxygen availability, which drives a cytochrome bd-II oxidase-dependent aerobic luminal expansion of S. enterica (46) . Increasing the colonic butyrate concentration through tributyrin supplementation restores colonocyte hypoxia (51), thereby abrogating an aerobic post-antibiotic expansion of S. enterica in the colon (46) . Aerobic respiration also contributes to an E. coli expansion in the colon of streptomycin-treated mice (54) .
The shift from fatty acid respiration to glucose fermentation is common in host cells, characterizing, for example, the transition from the prohealing M2 polarization state to the proinflammatory M1 polarization state of macrophages. The synthesis of iNOS is a marker for the fermentation-based metabolic program of M1 macrophages (55) . Butyrate reduces glucose fermentation in colonocytes (50) and inhibits iNOS synthesis in this cell type (56) . Thus, butyrate-induced changes in the metabolic program of colonocytes might explain why streptomycin treatment induces iNOS synthesis in the large intestine of mice, which increases the availability of host-derived nitrate in the large intestine (27) . Nitrate respiration contributes to an expansion of commensal E. coli in the colon of streptomycin-treated mice (27, 57) and synergizes with aerobic respiration to drive a post-antibiotic expansion of S. enterica (Fig. 1) (46) .
In summary, antibiotic treatment generates a respiratory nutrient niche that supports an uncontrolled expansion of Enterobacteriaceae within the gut-associated microbial community. Pathogenic and commensal Enterobacteriaceae compete for occupancy of this nutrient niche (23, 58 -61) , and a better understanding of the mechanisms that control the outcome of this competition may facilitate the development of second-generation probiotics to prevent colonization with potentially harmful members of this family, such as CPE. Alternatively, approaches to maintain epithelial homeostasis could be used to limit the generation of a respiratory nutrient-niche after antibiotic treatment, thereby curbing a post-antibiotic expansion of Enterobacteriaceae. The gut microbiota breaks down complex carbohydrates into a variety of fermentation products, such as butyrate. Butyrate serves as the main energy source for colonocytes, which oxidize this short-chain fatty acid to produce ATP for the absorption of sodium (Na ϩ ). This metabolism consumes oxygen (O 2 ) thereby rendering the colonic surface hypoxic (Ͻ1% oxygen). Antibiotics deplete butyrate-producing bacteria, which forces colonocytes to switch their metabolism to a fermentation of glucose to lactate, thereby increasing the abundance of nitrate (NO 3 Ϫ ) and oxygen in the gut lumen. Facultative anaerobic bacteria can use these host-derived electron acceptors to grow better on carbon sources than obligate anaerobic bacteria, which drives a luminal expansion of Enterobacteriaceae.
Conclusions
The picture emerging from these studies is that exogenous respiratory electron acceptors are a limiting resource that controls the abundance of Enterobacteriaceae within the gutassociated microbial community. Antibiotic treatment depletes butyrate-producing bacteria, thereby changing host cell metabolism to elevate iNOS synthesis and increase epithelial oxygenation. Through these mechanisms, antibiotics raise the concentration of host-derived respiratory electron acceptors in the lumen of the large intestine. The resulting respiratory nutrient niche drives an expansion of Enterobacteriaceae, because these facultative anaerobic bacteria can use respiration to catabolize available carbon sources better than obligate anaerobic Clostridia and Bacteroidia (Fig. 1 ). This conceptual framework incorporates all players previously implicated in colonization resistance, although it changes data interpretation in some instances. For example, the nutrient-niche hypothesis suggests that short-chain fatty acids confer colonization resistance by influencing host cell physiology, not through metabolic exclusion.
After filling a few key gaps in knowledge, it becomes clear that the nutrient-niche hypothesis explains most aspects of colonization resistance, which is of great appeal because it helps reduce the complexity of the problem. Putting the available information into a coherent conceptual framework will help guide the development of treatment strategies designed to alleviate unwanted side effects of antibiotic therapy by pinpointing critical steps, such as colonocyte energy metabolism, that could become targets for intervention. Curbing the nosocomial spread of CPE is a national priority, because these infections have limited treatment options and are associated with high mortality rates. Given the lack of new antibiotics in the pipeline, the identification of intervention strategies to prevent a postantibiotic expansion of CPE thus holds great potential for limiting communicability of these opportunistic pathogens.
